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A new scintigraphic method to characterize ultrafiltration in hollow
fiber dialyzers. Ultrafiltration and pressure profiles in hollow fiber
dialyzers with different hydraulic permeabilities have been investigated
with a new scintigraphic method. Radiolabelled albumin macroaggre-
gates, used as a nondiffusible marker molecule, were added to the blood
in an in vitro circuit and circulated through cuprophan and polysulphon
dialyzers. Since the marker molecule was too big to cross the dialysis
membrane, its changes in concentration were assumed to occur in
response to the variation of the blood water content (filtration or
backfiltration). These changes in concentration, recorded by a gamma
camera, were evaluated to establish the cumulative values of filtration
and backfiltration and their relevant profiles along the length of the
dialyzer. The achieved data were compared with the experimental
values of ultrafiltration empirically measured and with the theoretical
values predicted by a classic linear method. Two conditions were
analyzed: A) the minimal filtration rate necessary to avoid backfiltration
(critical filtration); and B) the condition of zero net filtration in which
filtration equals backfiltration. The nuclear method proved to be ex-
tremely precise in predicting the ultrafiltration values and significantly
more precise than the linear method, especially for the highly perme-
able dialyzer. The reason for that probably depends on the non-linear
pressure and ultrafiltration profile observed with the scintigraphic
pattern of the dialyzer. Viscosity changes and local variations in blood
flow may in fact interfere with the pressure drop inside the hollow fibers
and result in such a complex behavior. The other interesting aspect of
this method is the possibility of accurate measurement of the amount of
backfiltration that wouldn't be possible with simple calculations. In
conclusion, the complex nature of the phenomena regulating the water
fluxes in hollow fiber dialyzers requires more complex calculation than
a simple linear model to achieve an accurate range of predictability.
Hollow fiber dialyzers with different characteristics are rou-
tinely used in clinical dialysis [1]. The hydraulic properties at
given blood and dialysate flow rates mostly depend on the filter
design and the type of membrane [2—41. The recent introduction
of highly permeable membranes has resulted in a series of
problems related to control of excessive ultrafiltration during
treatment and the possibility of backfiltration that may expose
patients to adverse pyrogenic reactions [5—111.
The purpose of this study was to evaluate the pressure
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profiles and the kinetics of water transport in hollow fiber
dialyzers which had widely differing hydraulic permeabilities.
A new method to evaluate the pressure and water flux profiles
inside the dialyzers is described and compared with the classi-
cal method of calculating ultrafiltration, based on average
transmembrane pressure calculated from the pressure values
recorded at the blood and dialysate ports, and the hydraulic
permeability coefficient of the dialyzer.
The method is based on the analysis of changes in the
concentration of a nondiffusible marker molecule labelled with
radioactive Technetium along the length of a dialyzer, mea-
sured with a gamma camera. The studies provide a detailed
analysis of the ultrafiltration profile inside the filter, describe the
amount and sites of backfiltration, and provide guidelines for
optimal utilization of these dialyzers with respect to their
hydraulic properties [12, 13].
Methods
Study design
The study was carried out in a special room of the Nuclear
Medicine Department in accordance with national safety regu-
lations and laws. Six highly permeable, hollow fiber polysul-
phon (PSF) dialyzers 1.8 m2 (HF8O Fresenius AG, Oberursel,
Germany) and six 1.75 cuprammonium rayon (Cu) hollow fiber
dialyzers (Terumo TAF 175) were studied. Both dialyzers have
an average effective length of the hollow fibers of about 20 cm.
The circuit utilized for the study is depicted in Figure 1. The
dialyzers were placed on the horizontal support of the gamma
camera and securely fixed to the Collimator. Two different
conditions were investigated for each dialyzer type.
Study A. Single pass countercurrent blood and dialysate flow
with dialysate pressure set at a level to achieve a value of
transmembrane pressure (TMP) = 0 at the outlet (venous end)
of the dialyzer. TMP was calculated as Pb-Pd-ir, where Pb
represents the hydrostatic pressure in the blood compartment,
Pd represents the hydrostatic pressure in the dialysate compart-
ment and ir represents the oncotic pressure of blood.
Study B. Closed loop countercurrent blood and dialysate flow
set so that no change in volume could take place in either
compartment. Therefore net ultrafiltration and average TMP
were zero under these conditions.
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Fig. 1. Schematic representation of the in vitro circuits utilized in experiments A and B.
In experiment A the condition of "critical filtration" was
achieved, and was defined as the minimal filtration rate at which
no backfiltration takes place.
In experiment B no net filtration could take place, and the
pressure profiles in the dialyzers resulted in proximal filtration
and distal backfiltration in equal amounts.
Blood flow was set at 250 mi/mm, while dialy sate flow was set
at 500 mi/mm. Hydrostatic pressures were measured at the
blood and dialysate ports with digital manometers (Digidyne,
Renal Systems, Minneapolis, Minnesota, USA). Plasma total
protein concentration, albumin and blood hematocrit were
determined at the filter inlet and outlet by direct sampling.
The in vitro experiments were carried out using human blood
held at a constant temperature of 37°C. Blood was taken from
voluntary donors and adjusted to a hematocrit (Hct) of 28% and
total protein of 5 g/dl. In condition A the ultrafiltration rate was
directly measured both in blood and dialysate sides as Qbi —
Qbo and Qdo — Qdi, where Qb and Qd are blood and dialysate
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flows and i/o represents the filter inlet and outlet (arterial and
venous ports), respectively. Pressure and ultrafiltration values
were therefore empirically recorded and compared.
Theoretical ultrafiltration and pressure profiles inside the
filters were evaluated by two different methods: (1) theoretical
calculation from the pressure values at the blood and dialysate
ports, assuming a linear pressure drop inside the filters; and (2)
direct determination based on the scintigraphic analysis of the
concentration profile of the nondiffusible labelled marker mol-
ecule along the length of the dialyzers.
The results obtained with the two methods and the overall
ultrafiltration values were finally compared with the experimen-
tal findings recorded in condition A and extrapolated to condi-
tion B.
The two methods are schematically described as follows.
(1) Indirect calculation assuming a linear pressure profile
In this model the average transmembrane pressure was
calculated by the formula
Pbi + Pbo Pdi + Pdo iT + iro
TMP= + +2 2 2 (1)
The transmembrane pressure inside the dialyzer was averaged
assuming a linear pressure drop both in the blood and dialysate
compartments, and a linear increase in oncotic pressure accord-
ing to the rate of ultrafiltration, In this model the net water flux
(Qt) in a dialyzer was calculated as follows:
Qf= KmATMP (2)
where Km permeability coefficient of the membrane, A =
surface area, and TMP = average transmembrane pressure.
When Pbo> (Pdi + ITo), Qf was constantly positive resulting in
filtration from blood to dialysate. When Pbo < (Pdi + iio), the
average TMP was still positive, but Qf = Qfl — Q12 where Qfl
was the water flux from blood into dialysate (filtration) and Qf2
was the inverse water flux from dialysate into the blood
(backfiltration). According to this linear model, two special
conditions could be defined: (I) when Pbo = Pdi + iro, no
backfiltration took place, and Qf represented the minimal
filtration rate in a dialyzer that ensures absence of backfiltration
(critical filtration = CF). In this case, once the critical filtration
of a given dialyzer was established, the backfiltration flux could
be calculated when Qf < CF, as the difference between the
critical filtration value at those blood and dialysate flows and
the net filtration empirically measured (Qf2 = CF — Qf). (2) At
zero net filtration (Qf = 0) Qfl = Qf2 and equation 2 was
rearranged as follows:
Qf = Qfl — Qf2 = [Kml l/2(A TMP)]
— [Km2 l/2(A TMP)] (3)
where Qfl = filtration flux, Qf2 = backfiltration flux, Kml =
ultrafiltration coefficient of the membrane, and Km2 backfil-
tration coefficient of the membrane.
Despite a possible polarization phenomenon, Kml and Km2
do not differ significantly, as previously demonstrated [31 by
experimental measurements both in cuprophan and polysul-
phon membranes. Assuming a linear behavior of the transmem-
brane pressure, the point of inversion of the water flux should
be located at exactly one half of the dialyzer length.
Given these two conditions the backfiltration flux could be
calculated as well as the critical filtration rate in a given
dialyzer:
For Pbo=Pdi+ iro—'Qf=CF
For Qf < CF —* Qf2 = CF — Qf
For Qf=0—+Qt2=Qfl = 1/2 CF
(4)
(5)
(6)
Critical filtration was considered to be independent of blood
and dialysate flows, This, however, was only an approximation
since the slope of the pressure drop inside the blood and
dialysate compartments changed slightly in parallel with the
flows, in agreement with the Hagen-Poiseuille law. Further-
more, percentage changes in protein concentration and relevant
oncotic pressure were significantly higher in the case of low
blood flows.
This model is based on the assumption of a linear pressure
drop inside the dialyzer and a consequent linear behavior of the
TMP. The defining variables are Qb, Qd, Pbo, Pbi, Pdi and Pdo,
blood Hct, and total plasma protein concentration (TP). A
different approach is proposed in the second method which
more realistically describes the pressure and filtration profiles
inside the dialyzer.
(2) Pressure and ultrafiltration profiles derived from measured
changes in concentration of a marker molecule
This calculation was undertaken utilizing the data achieved
with the in vitro experimental setting described in Figure 1.
When blood and dialysate flows were at steady state the
radiolabelled molecule (5 mCi/liter) was added to the blood and
circulated for at least 10 minutes to ensure a homogeneous
distribution of the radioactivity. This phase was monitored until
scintigraphic images showed a homogeneous distribution of the
tracer in the blood compartment of the dialyzer.
For the present study albumin macroaggregates with a mo-
lecular diameter ranging from 10 to 90 microns, labelled with
metastable Tc were utilized as a nondiffusible marker sub-
stance (Macrotec, Sorin Biomedica Spa, Saluggia, Italy).
The tracer has a six-hour half life and does not create
problems of safe storage of radioactive waste after the experi-
ments. The support (albumin macroaggregates) represents an
ideal blood component that is 100% restrained by the mem-
brane. Data acquisition started only after a homogeneous
distribution of the tracer in the blood compartment was
achieved. The dialysis fluid was controlled on line with a
Geiger-Muller Counter to evaluate any possible leak of the
marker molecule across the dialysis membrane. At steady state,
the scintigraphic pattern of the dialyzer was acquired utilizing a
Toshiba GCA 90 b Gamma-Camera, equipped with a Leap
Collimator; the image was stored on a 256 x 256 matrix with a
1.5 zoom. All the images obtained in different conditions were
stored in a separate console and evaluated by computer analysis
to achieve a detailed profile of the percentage changes in
concentration of the tracer throughout the length of the dia-
lyzer. The radiolabelled albumin concentrations were recorded
along the length of the dialyzer as counts, and the percentage
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Table 1. Hemodynamic and blood parameters
Experimental setting
Cuprophan Polysuiphon
A B A B
Blood flow mI/mm 250 10 250 10 250 10 250 10
Dialysate flow mI/mm 500 30 500 30 500 30 500 30
Hydrostatic blood inlet pressure mm Hg 250 II 235 16 380 21 240 18
Hydrostatic blood outlet pressure mm Hg 65 4 60 5 110 11 70 6
Hydrostatic dialysate inlet pressure mm Hg 38 4 135 8 50 6 75 8
Hydrostatic dialysate outlet pressure mm Hg 15 2 110 6 20 4 50 6
Oncotic blood inlet pressure mm Hg 25 3 25 2 25 3 25 3
Oncotic blood outlet pressure mm Hg 27 2 25 3 60 5 25 4
Inlet transmembrane pressure mm Hg 210 9 100 7 335 29 145 12
Outlet transmembrane pressure mm Hg 0 5 —100 9 0 7 —50 4
Average transmembrane pressure mm Hg 105 12 0 6 167 25 0 5
Hematocrit inlet value % 28 05 28 0.5 27.5 0.5 27.3 0.4
Hematocrit outlet value % 29.4 0.3 28.1 0.3 56.5 3 27.5 0.4
Total protein inlet value gIdi 5.1 0.2 5.0 0.2 4.6 0.5 5.0 0.3
Total protein outlet value gld! 5.3 0.2 5.1 0.2 13.2 0.6 5.1 0.4
Albumin inlet value gld! 2.9 0.2 2.9 0.3 2.5 0.3 2.8 0.3
Albumin outlet value g/dl 3.2 0.3 2.9 0.3 7.6 0.4 2.8 0.3
Lowest radionuclide count (Art. end) C, 2000 8 2000 6 2000 6 2000 9
Peak radionuclide count C 2105 9 2058 7 4226 64 2280 26
Lowest radionuclide count (Ven. end) C, 2105 9 2002 9 4226 64 1997 13
changes from the inlet concentration value were also measured.
The water fluxes were accordingly derived along the length of
the dialyzer. Increases in concentration resulted in filtration,
while decreases in concentration of the tracer resulted in
backfiltration.
Cumulative filtration (Qf 1) and cumulative backfiltration
(Q12) can be calculated from the proximal end to the distal end
of the dialyzer in the experimental setting by the formulas:
Qfl = Qbi x (1 — C0IC)
Qf2 = Qbo x (1 — C1IC)
where: Qb was the blood flow (i = inlet; o = outlet); C was
count recorded by the gamma camera; C0, count value at the
inlet of the dialyzer distal to the arterial blood port (concentra-
tion of the marker molecule in the whole blood); C,, peak value
inside the dialyzer (point x); and C1 was the count value at the
outlet of the dialyzer proximal to the venous blood port.
In condition A, C, and C1 were equal and were located at the
venous end of the dialyzer; by definition, backfiltration did not
occur. In condition B, C0 and C1 were equal by definition since
no net filtration occurred and blood flow was constant. When
C0 and C1 were equal, possible leaks or absorption of the
marker molecule were excluded, net ultrafiltration would be 0
and Qbi was equal to Qbo. In this case C, represented the peak
value and x was the point of inversion both for transmembrane
pressure and water flux, Cumulative filtration equaled cumula-
tive backfiltration. Qf2 was also calculated by the formula:
Qf2 — (Qbi — Qfl) x (1 — C/C1)
While equation 8 calculates backfiltration from the distal end of
the dialyzer to the point X based on the scintigraphic pattern,
equation 9 is more appropriate because it models the chrono-
logical sequence of the water fluxes along the length of the
dialyzer. This calculation, however, requires the determination
of the cumulative filtration occurring in the proximal section of
the dialyzer (from C0 to C) to establish the value of Qb at the
desired point.
The experimental results were analyzed for each tested
device and compared with the empirical data, and the theoret-
ical prediction made with the linear model.
Results
The measured hemodynamic parameters recorded in experi-
(7) ments A and B are listed in Table 1. Oncotic pressures were
calculated according to the Pappenheimer nomogram [141. The
(8) different ultrafiltration rates, measured and calculated with the
linear model and the scintigraphic method are listed in Table 2.
Since in condition B a direct empirical measurement of filtration
and backfiltration was not feasible, condition A represented the
only situation in which direct measurements could be made.
Once we demonstrated that scintigraphic analysis was statisti-
cally comparable to direct measurements in condition A (Fig.
2), we considered the scintigraphic analysis made in condition B
acceptable. The amounts of ultrafiltration calculated with the
scintigraphic imaging and those recorded with direct measure-
ments were statistically comparable (P < 0.0001) while the
theoretical calculation based on linear pressure profiles pre-
sented a lower correlation coefficient and a larger standard error
(Fig. 2). In detail, the nuclear method regression line fell very
close to the identity line while the linear method presented a
variable degree of overestimation of the real ultrafiltration
value. Table 3 summarizes the radioactive counts recorded in
the different conditions for the two types of dialyzers. The
percentage variation of radioactive counts (that is, of the
radiolabelled albumin concentration) at conditions of critical
filtration (A) along the dialyzers is graphically reported in
Figure 3. Significantly higher changes occurred with polysul-
phon dialyzers while slight increases were observed with cu-
prophan dialyzers. In the latter, the concentration profile was
almost linear, while in polysulphon dialyzers the concentration
profile displayed a curve reaching a plateau at the dialyzer
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Table 2. Ultrafiltration measurements and calculations
Polysuiphon
Table 3. Gamma radioactive counts along the length of the dialyzers in the two experimental conditions (average SD)
Distance from the proximal end of the dialyzer cm
0 2 4 6 8 10 12 14 16 18 20
Experiment A
Cuprophan Mean
SD
2000
8
2013
11
2025
13
2037 2049 2060 2069 2086
7 21 15 11 16
2092
22
2099
10
2105
9
Polysuiphon Mean
SD
2000
6
2590
40
2875
34
3197 3418 3645 3816 4021
19 34 46 60 52
4130
49
4197
75
4226
64
Experiment B
Cuprophan Mean
SD
2000
6
2013
8
2025
10
2040 2052 2Q56 2045 2036
8 7 6 11 10
2024
8
2015
6
2002
9
Polysuiphon Mean
SD
2000
9
2202
26
2253
32
2273 2258 2239 2205 2168
24 38 35 21 33
2139
19
2084
21
1997
13
a Location of the peak value
outlet. This was consistent with the experimental design that
fixing TMP at 0 at the dialyzer outlet automatically brings
ultrafiltration to zero at the same point in both conditions.
Figure 4 illustrates the concentration profiles recorded in con-
dition B for the two filters. The inlet and outlet concentrations
were equal, demonstrating that no leaks or absorption took
place during the experiments. Again the variations recorded
with the polysulphon dialyzers were significantly higher than
with cuprophan dialyzers. In both cases radionuclide concen-
tration increased until a point at which a peak concentration
(Cx) was reached. Subsequently a progressive decrease in
radionuclide concentration was noted until a concentration
equal to that observed at the inlet was reached (C1 = C0). The
peak concentration was achieved at almost one half of the
dialyzer length for the cuprophan membrane (C2), but much
closer to the arterial end for the polysuiphon membrane (C1).
Therefore the latter displayed an asymmetric concentration
curve. Two typical examples of labelled albumin concentration
profiles recorded with the polysuiphon dialyzers are depicted in
Figure 5. In condition A the circuit design ensured that Qbi =
Cuprophan
Experimental setting A B A B
Observed net UF (Experimental) ml/min 12.0 2.1 0.0 0.0 128 6 0.0 0.0
Theoretical net UF (Linear Model) 15.3 2.0 0.1 0.3 148 9 0.3 3
Theoretical filtration (Linear Model) 15.0 2.0 8.7 1.5 148 9 35.7 4
Theoretical backfiltration (Linear Model) 0.3 0.2 8.6 1.5 0.3 2 35.4 4
Calculated net UF (Nuclear Method) 12.5 0.3 0.1 0.1 131 4 —0.3 1
Calculated filtration (Nuclear Method) 12.5 0.3 6.7 0.4 131 4 30.6 2
Calculated backfiltration (Nuclear Method) 0.0 0.2 6.6 0.5 0.2 3 30.9 2
200
0 Linear Method (P < 0.001>
y = 14.194 +
o.969xRo9s20j.J...
50 Fig. 2. Statistical correlation between the two
A Nuclear Method (P < 0.0001) methods of ultrafiltration prediction and the
y = 0.6469 + 0.9994x R = 0.99 true measured ultrafiltration. The regression
coefficient is very high for both methods, but
the nuclear method is significantly closer to
0 I
I I I the identity regression line (a = 0.646) than
0 20 40 60 80 100 120 140 160 the linear method (a = 14. 194). The former
presents a smaller statistical error (4.3) in
True ultrafiltration, mi/rn/n comparison with the latter (16.56).
0
a)
a)
>
a)
E0
Co
a)0)C
a)
0
Fig. 4. Percentage changes of radiolabelled
albumin concentration along the length o.f the
dialyzers in experiment B (zero net filtration).
After a progressive increase, the
concentration reaches a peak value inside the
dialyzers and displays a subsequent decrease
reaching values similar to those recorded at
the filter inlet.
Qbo + Qf and TMP at the dialyzer outlet 0; this represented
the marker molecule concentration profile at critical filtration.
En this case no backfiltration took place and a progressive
exponential increase of the marker molecule could be observed.
En condition B, Qbi = Qbo, Qf = 0 and Qfl = Qf2; this means
that the amount of filtration and backfiltration were equal and
he net ultrafiltration was 0. Accordingly, after a certain in-
rease of the albumin concentration from C0 to C, (peak
oncentration) there was a decrease in concentration down to a
point in which, at the dialyzer outlet, the concentration was
equal to that observed at the dialyzer inlet. The two peaks and
the flat profiles observed at the beginning and at the end of the
curves were interferences due to the dialyzer blood ports and
fibers potting and have been excluded from the analysis utilizing
only the active length of the dialyzer used for filtration.
The profile of water flux inside the dialyzer was described by
the variation of ultrafiltration in adjacent cross sectional seg-
ments of the dialyzer dQf/dl. This ratio, which is dependent on
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Exp. A: MARKER CONCENTRATION PROFILE
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A
B
Fig. 5. Typical examples of gamma camera patterns observed with polysu/phon dialyzers in experiments A (upper panel) and B (lower panel). On
the left part the image of the dialyzer is displayed while on the right the corresponding curve of radionuclide concentration is shown. These data
are stored and subsequently evaluated with specific software. Color printing sponsored by Fresenius AG.
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proximal end of the dialyzers with a
subsequent decrease to zero at the distal end.
local variations of the TMP gradient, is in our method mathe-
matically governed by the local changes in concentration of the
marker molecule dC/dl
dQf/dl = f(dC/dl)
Therefore the local ultrafiltration at a given point on the length
of the dialyzer A can be identified by the formula
Qf(A) = Qb(A) (1 — C(A)/C(A + dl)
The integration of these local values for the entire length of the
dialyzer permitted the corresponding value of cumulative ul-
trafiltration to be calculated,
jQf(dl) = Qbi (1 — C01C1)
Assuming a constant permeability of the membrane for the
entire length of the filter (which may be slightly incorrect since,
with highly permeable membranes, Km may be reduced early
by protein concentration polarization), ultrafiltration profile and
cumulative ultrafiltration will be dependent on the pressure
profile. Local ultrafiltration in A in fact can be calculated
according to the formula
Qf(A) Km - TMP(A)
From this relationship local TMP could be calculated and the
relevant pressure profile could be drawn for the entire length of
the filter. This was based on the assumption that Km had a
fairly constant value along the length of the filter. Studies on
protein concentration polarization permit a calculation of the
impact of such a variable on the overall value of ultrafiltration
and therefore on the actual pressure values. Apparently, in our
experimental setting this impact was very low, but we must
emphasize that the dialyzers were studied in the first minutes of
use. Further experiments will probably more clearly define this
impact after a longer period of use. Figures 6 and 7 depict the
ultrafiltration profiles derived from the percentage changes of
10
the radionuclide concentration along the length of the dialyzers
in the two experiments.
In condition A ultrafiltration was maximal at the proximal end
of the dialyzers and progressively decreased, reaching the value
of zero at the distal end of the dialyzers. However, cuprophan
dialyzers displayed a nearly linear profile, while polysulphon
dialyzers displayed a nonlinear profile with significantly higher
values of cumulative ultrafiltration. Ultrafiltration was maximal
in the proximal section of the dialyzer while it approached the
zero value in the distal section of the dialyzer. This phenome-
non could be related to the change in viscosity of blood inside
the hollow fibers and the progressively greater impact of
oncotic pressure as long as water was removed by ultrafiltration
along the length of the fibers. The initial plasma protein con-
centration may also play an important role in the generation of
the final ultrafiltration and pressure profiles. As reported in
Figure 6, cumulative ultrafiltration calculated with the radionu-
clear method was comparable with the values experimentally
observed for the two dialyzers. In condition B net ultraffitration
was zero, but cumulative filtration and backfiltration were
respectively 30.6 2.1 and 30.9 2.3 mI/mm for polysulphon
dialyzers and 6.74 0.4 and 6.61 0.5 ml/min for cuprophan
dialyzers. Again, cuprophan dialyzers displayed an almost
linear ultrafiltration profile with a shift from filtration to back-
filtration at one half of the dialyzer length. Polysulphon dialyz-
ers displayed a nonlinear profile, and the shift from filtration to
backfiltration took place at approximately one third of the
dialyzer length. Therefore, after a remarkable filtration in the
proximal section of the dialyzer, backfiltration occupied almost
two thirds of the dialyzer at its distal end. Again we may
suppose that viscosity and oncotic pressure generated by
plasma protein concentration governed such complex water
Exp. A: ULTRAFILTRATION PROFILE
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Fig. 6. Ultrafiltration profiles derived from
the radiolabelled albumin concentration along
the length of the dialyzers in experiment A.
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Exp. B: ULTRAFILTRATION PROFILE
kinetics within the dialyzers with a highly permeable mem-
brane. Assuming a fairly constant ultrafiltration coefficient for
the membranes TMP profiles could be similar to those of
ultrafiltration. A little error could be expected because of
polarization and blood membrane interactions, and this could
have an impact not only on the profile of the transmembrane
pressure along the length of the dialyzers but also on its
absolute value. Therefore the inlet plasma protein concentra-
tion may be of remarkable importance in the generation of the
final pressure profile since, at higher filtration fractions in the
proximal segment of the dialyzer, it will correspond to higher
oncotic pressures inside the hollow fibers. This will also result
in a thicker boundary layer due to protein concentration polar-
ization.
On the other hand, in our experimental setting, the dialyzers
were utilized for a short period of time and significant mem-
brane clogging phenomena were not observed, as demonstrated
by the remarkable significance of the regression reported in
Figure 2, We therefore conclude that the pressure profile in
hollow fiber dialyzers is a nonlinear function that strongly
depends on the hydraulic permeability of the membrane, the
plasma protein concentration, blood viscosity, and the values of
ultrafiltration achieved. This phenomenon is maximally ob-
served in highly permeable dialyzers, and the new method is
able to detect local changes of ultrafiltration and pressure
profiles along the length of the dialyzer. This leads to a more
precise evaluation of the water fluxes inside the dialyzer and
permits a precise calculation of the resultant backfiltration flux.
Discussion
Water flux across dialysis membrane in each axial segment
(dl) of the dialyzer may occur in two directions: from blood to
dialysate, which is termed filtration, or from dialysate to blood,
which is termed backfiltration.
Backfiltration may occur inside any kind of filter, and during
Fig. 7. Ultrafiltration profiles derived from
the radiolabelled albumin concentration along
the length of the dialyzers in experiment B.
Maximal filtration is obtained at the proximal
end of the dialyzers with a subsequent
decrease to zero in different points for
polysuiphon (xl) and cuprophan (x2). From
these points backfiltration begins reaching its
maximum at the distal end of the dialyzers.
Despite different profiles are observed,
cumulative ultrafiltration and cumulative
backfiltration are equal.
any kind of treatment, when the transmembrane pressure
gradient at a given point becomes negative [that is, when the
hydraulic pressure of dialysate (Pd) together with the oncotic
pressure exerted by plasma proteins (ii) exceeds the hydraulic
pressure of the blood inside the fibers (Pb)]. This condition may
happen occasionally during the treatment or for the entire
duration of the session, depending on the technique and mate-
rials utilized. TMP is generally expressed in average values with
the simplified equation 1. However, this representation only
describes an average phenomenon and does not define the
actual pressure profile inside the filter. Although the average
TMP is positive, the local pressure gradient P is not necessar-
ily positive at every point along the length of the dialyzer.
Equation 1 also assumes that the pressure drop inside the fibers
of the dialyzer is linear with distance, which, according to the
Hagen-Poiseuille law, is only true under specific conditions.
The pressure drop is linear only when blood viscosity remains
constant along the fibers, and this only occurs when no ultrafil-
tration takes place. When water is removed by ultrafiltration,
increases in hematocrit and plasma protein concentration cause
the blood viscosity to increase along the length of the device,
which may result in a non-linear pressure drop [15].
The overall water flux in a single surface element, ds, of the
dialyzer is described by the equation Qf = Km•P (being P =
Pb — Pd — IT). Expanding this concept to the whole dialyzer,
the overall water flux in a given dialyzer will be expressed by
the formula:
Qf=JJ0SLP.Km.ds
where ds is a single surface element of the dialyzer and s is the
surface of the dialyzer.
Arbitrarily assuming Km to be constant on the whole surface
area S. and P to be identical in any point of a cross sectional
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Kml = membrane direct ultrafiltration coefficient
Km2 = membrane reverse ultrafiltration coefficient
X = point of inversion of AP and of the water flux
Most of the effects observed along the length of the dialyzers
are related to the variation in blood viscosity and plasma
protein concentration. Polarization might represent a further
complex element. One additional factor which can influence the
pressure profile in the blood compartment is the variation of the
diameter of the fibers along the length of the dialyzer, being
smaller in the segment surrounded by the potting and larger in
the segment surrounded by dialysate. This may affect the
pressure drop inside the fibers which in turn will affect the final
water flux across the membrane.
In conclusion, the water fluxes in hollow fiber dialyzers are
governed by several factors that may act with different influ-
ences in different segments of the dialyzer length. The net water
flux cannot be accurately predicted with simple methods based
on the measurements of pressure regimens at the dialyzer inlet
and outlet. The method presented in this study seemed to be
adequate to perform a detailed analysis of the water kinetics
inside the dialyzers. A further mathematical evaluation is
required to extrapolate from the achieved results a theoretical
equation able to predict the pressure and ultrafiltration profiles
in a dialyzer on the basis of the known variables, such as blood
and dialysate compartment geometry, surface area, membrane
permeability, blood and dialysate flows, hematocrit and plasma
protein concentration. Furthermore, the present method repre-
sents a unique possibility of measuring backfiltration in hollow
fiber dialyzers with different hydraulic permeabilities.
Acknowledgments
This paper was presented in part at the Annual Meeting of the
European Society of Artificial Organs held in Vienna, September 11—14,
1991, as the E.S.A.O.—Akzo Research Award Lecture. We thank Dr.
Frank Gotch and Dr. Paul Kimmel for the kind revision of the
manuscript and their editorial help.
References
1. SIGDELL JE: Hollow fiber dialyzers on the market. Artif Organs
12:4, 1988
2. SIODELL JE: Comparison of the hollow fiber dialyzers. Artf
Organs 5:4, 1981
3. Rorco C: Backfiltration: A controversial issue in clinical dialysis.
mtJ Artif Organs 2:69—74, 1988.
4. SIODELL JE: A Mathematical Theory for the Capillary Artificial
Kidney. Stuttgart, Hippokrates Verlag, 1974
5. BLATT WF, DRAvID A, MICHAEL5 AS, NELSEN L: Cake formation
in membrane ultrafiltration, in Membrane Science and Technology,
edited by FLINN F, New York, Plenum Publishers, 1970, p. 60
6. HENDERSON LW: Biophysics of ultrafiltration and hemofiltration,
in Replacement of Renal Function by Dialysis (3rd ed), edited by JF
MAHER, New York, Kluwer Academic Publishers, 1989, pp. 300—
326
7. Roco C, FERIANI M, CHIARAMONTE 5, et al: Impact of high blood
flows on vascular stability in hemodialysis. Nephrol Dial Trasplant
Suppl 1:109-1 14, 1990
8. STILLER 5, MANN H, BRUNNER H: Backfiltration in hemodialysis
with highly permeable membranes. Contr Nephrol 46:23—32, 1985
segment of the dialyzer, equation 14 can be simplified as
follows:
Qf=Km f APdl (15)Jo
where 1 is the length of the dialyzer and AP is the local
transmembrane pressure gradient in a cross sectional segment
of the dialyzer (dl).
For simple calculations we can use the formula:
Qf=Kd' f AP•dl/l (16)Jo
where: f AP dI/l = average transmembrane pressure (TMP)
and Kd is the dialyzer ultrafiltration coefficient, and therefore
the overall water flux will be:
Qf=KdTMP (17)
Since for practical purposes, equation 17 is frequently utilized
to predict the hydraulic performance of a given dialyzer assum-
ing a linear pressure drop inside the fibers, we wanted to
elucidate if this linear model can be safely employed without
major mistakes. On the other hand, the linear model has also
been proposed to predict the amount of filtration and backfil-
tration, respectively, in hollow fiber dialyzers without the
possibility of testing its accuracy. In this paper we have
presented a more sophisticated approach which is based on the
experimental results achieved with a new method of investiga-
tion of the water kinetics in hollow fiber dialyzers.
Blood containing Tc-labelled macroaggregated albumin was
circulated in a special setting and passed through different
dialyzers at a given flow rate and pressure regimen. The
radioactive labelled albumin was too large to pass through the
membrane. The dialyzers were then imaged on a gamma
camera, and the intensity of radioactivity was analyzed as a
function of dialyzer axial length, as a measurement of degree of
hemoconcentration. From these data an ultrafiltration profile
could be derived for each dialyzer, and pressure regimen and
cumulative filtration and backfiltration could be accurately
measured. The accuracy of these measurements was ensured
by the parallel timed ultrafiltrate collection in experimental
condition A. Our results confirm that the linear model is not
adequate to predict the water kinetics across dialysis mem-
branes. In detail, it tends to overestimate the amount of
ultrafiltration and backfiltration and this error is more evident
with highly permeable dialyzers. On the contrary, the new
scintigraphic method results are closer to the experimental
findings.
The water flux inside hollow fiber dialyzers is the net result of
two opposing fluxes, filtration and backfiltration. The net water
flux is defined as a sum of the opposing water fluxes:
x I
Qf = Qfl — Qf2 = (Kml AP• dl) — (Km2 AP dl)
0 X
Where:
Of = total net ultrafiltration
Qfl = direct water flux (filtration)
Qf2 = reverse water flux (backfiltration)
Reprint requests to Dr. Claudio Ronco, Department of Nephrology,
St. Bortolo Hospital, 36100 Vicenza, Italy.
Ronco et a!: Water fluxes in hollow fiber dialyzers 1393
9. COLTON CK: Analysis of membrane processes for blood purifica-
tion. Blood Purif 5:202—251, 1987
10. SCHMIDT M, BALDAMUS CA, SCHOEPPE W: Backfiltration in
hemodialysis with highly permeable membranes. Blood Purif
2:108—113, 1984
11. LEYPOLDT JK, SCHMIDT B, GURLAND Hi: Net ultrafiltration may
not eliminate backfiltration during hemodialysis with highly perme-
able membranes. Artif Organs 15:164—170, 1991
12. KESHAVIAH P, LUEHEMANN D, ILSTRUP K, COLLINS A: Technical
requirements for rapid high efficiency therapies. Artif Organs
10:189—194, 1986
13. GOTCH FA, SARGENT JA: A mechanistic analysis of the National
Cooperative Dialysis Study (NCDS). Kidney mt 28:526—534, 1985
14. PAPPENHEIMER JR: Passage of molecules through capillary walls.
Physiol Rev 33:387—389, 1953
15. FERIANI M, KIMMEL PL, KURANTSIN-MILLS J, BOSCH JP: Effect
of renal replacement therapy on viscosity in end-stage renal dis-
ease. Am J Kidney Dis 19:131—139, 1992
